Over the last few decades, considerable evidence shows that greater levels of aerobic exercise and cardiovascular fitness benefit cognitive performance. However, the degree to which free-living activity in community settings is related to cognitive performance remains unclear, particularly in older adults vulnerable to disability. Also, it is unknown whether the manner in which daily physical activity (PA) and sedentary time are accumulated throughout the day is associated with cognition. Cross-sectional associations between accelerometer-characterized PA and sedentary patterns and cognitive performance were examined in 1,274 mobility-limited older adults. Percent time spent in various bout lengths of PA (≥1, ≥2, and ≥5 min) and sedentary (≥1, ≥30, and ≥60 min) was defined as the number of minutes registered divided by total wear time × 100. Percent time was then tertiled for each bout length. Multiple linear regression models were used to estimate the associations between accelerometer bout variables and separate cognitive domains that included processing speed (Digit Symbol Coding; DSC), immediate and delayed recall (Hopkins Verbal Learning Test; HVLT), information processing and selective attention (Flanker), working memory (n-back), reaction time (switch and non-switch reaction time), and a composite score that averaged results from all cognitive tests. After adjusting for demographics, behavioral factors, and morbid conditions, more time spent in PA was associated with higher DSC for all bout lengths (p < 0.03 for all). Higher PA was associated with higher HVLT and global cognition scores but only for longer bout lengths (p < 0.05 for all). The association was largely These results suggest that, while higher PA was associated with higher cognitive performance, PA's association with memory was sensitive to bout duration. The time, but not the manner, spent in sedentary behaviors showed a minor association with executive function. Further research is warranted to characterize longitudinal changes in daily activity and sedentary patterns as potential biophysical markers of cognitive status in older adults.
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INTRODUCTION
Due to the growing aging population within the United States, there is considerable interest in identifying lifestyle interventions that can enhance brain health and potentially reverse and/or prevent cognitive decline. Over the last few decades, both crosssectional and longitudinal evidence suggest that higher physical activity (PA) is associated with higher cognitive performance (Kramer et al., 1999; Voss et al., 2013; Nocera et al., 2015) , higher brain volume Erickson et al., 2011) , and higher brain efficiency as measured by functional magnetic resonance imaging (MRI) (McGregor et al., 2012 (McGregor et al., , 2013 . Additionally, activity-based interventions appear to have positive effects on outcomes including memory, processing speed, and executive function (Kramer et al., 1999; Colcombe and Kramer, 2003; Voss et al., 2013; Nocera et al., 2015) . While PA remain a major factor in promoting brain health, there is increasing interest in understanding the unique role of sedentary behavior.
Chronic and excessive time spent being sedentary are associated with deleterious effects on cardiovascular and metabolic outcomes, regardless of PA engagement (Biswas et al., 2015) . Vascular and metabolic dysfunction has been shown to result in amyloid-β buildup (Vemuri et al., 2015) , blood brain barrier deterioration (Zhao et al., 2015) , arterial stiffness (Hughes et al., 2018) , endothelial dysfunction (Guerra et al., 2018) , and cerebrovascular abnormalities (Yew et al., 2017) , and are likely major pathways leading to cognitive decline (Kennedy et al., 2016; Strickland, 2018) . Although participating in structured PA routinely can mitigate these negative effects, older adults have low exercise participation (Keadle et al., 2016) , especially among older adults living with mobility disability (Manns et al., 2015) . Further, older adults with mobility disability not only have lower overall activity and more sedentary, but also perform activity in shorter durations while engaging in long, uninterrupted bouts of sedentary time throughout the day (Manns et al., 2015) . Therefore, targeting the manner of which PA and sedentary time is performed may be a complementary approach to increasing overall PA to improve cardiometabolic health and maintain cognitive abilities in an effort to prevent disability.
Portable activity monitors such as accelerometers objectively capture both time spent in PA and sedentary behaviors continuously throughout the day. Not only can accelerometer data be utilized to quantify daily volumes (e.g., total accumulated amount of sedentary time), they can be also used to characterize accrual patterns into bouts (Wanigatunga et al., 2017a,b) . Emerging evidence shows that accelerometer-derived PA tends to be associated with higher cognitive performance across executive function, memory, attention, and fluency (Menai et al., 2017; Zhu et al., 2017; Iso-Markku et al., 2018) while accelerometer-derived sedentary time is linked with executive function (Vásquez et al., 2017) . However, little work has been done to characterize patterns in which PA and sedentary times are accrued throughout the day in relation to cognition. This is important because current PA guidelines promote the engagement of multiple activity intervals or bouts to reach 30 min/day of moderate-to-vigorous PA for older adults, particularly those vulnerable to disability (Nelson et al., 2007) . Further, older adults are the most sedentary of US adults (Evenson et al., 2012) , and this may predispose them to a higher rate of adverse health outcomes, especially when engaging in prolonged sedentary behavior (Healy et al., 2008 (Healy et al., , 2011 . Coupled with the rising healthcare burden due to dementia and associated cognitive decline (Wimo et al., 2017) , understanding the relationship between objectively measured PA and sedentary times (and the patterns in which these lifestyle behaviors are accrued) and domain-specific and global cognitive performance is critical to the maintenance of health and well-being in older adults.
The purpose of this study was to evaluate the cross-sectional association between accrual patterns of PA and sedentary time with cognitive performance in mobility-limited older adults. The first aim was to assess whether total PA and accrual patterns in short and long bout lengths of PA were associated with multiple domains of cognitive performance. We hypothesized that total PA, particularly PA time spent in longer bout durations, were associated with higher cognitive performance in mobility-limited older adults. The second aim examined the association of total sedentary time and accrual of sedentary time in various bout lengths with multiple domains of cognitive performance. We hypothesized that higher amounts of sedentary time, particularly in prolonged bouts, were associated with lower cognitive performance in mobility-limited older adults.
MATERIALS AND METHODS

Study Design and Sample
Baseline accelerometer and cognitive data were utilized from the Lifestyle Interventions and Independence for Elders (LIFE) Study. Details about specific study inclusion and exclusion criteria of the LIFE study have been reported previously (Fielding et al., 2011) . Briefly, participants were eligible if they were 70-89 years of age, were at a high risk for mobility disability based on a summary of performance tests meant for older adults (Guralnik et al., 1994) , and reported being sedentary defined as spending less than 20 min per week in moderate-to-vigorous PA as assessed by the Community Healthy Activities Model Program for Seniors (CHAMPS) PA questionnaire (Rejeski et al., 2013) . Participants needed to have sufficient cognitive abilities to both perform assessments and to provide informed consent to the study. Therefore, those with 9 or more years of education who score <80 (<76 if African American) out of 100 on the Modified Mini-Mental Status Examination (3MSE) (Teng and Chui, 1987) and those with less than 9 years education who score <76 (<70 if African American or Spanish speaking) were excluded. A total of 1,635 older adults were recruited at eight US field centers (Pahor et al., 2014; Sink et al., 2014) . Several committees (steering, recruitment and retention, outcome and assessment, and field operations) were responsible for establishing and monitoring ethics of the trial. Additionally, a data and safety monitoring board were responsible for overseeing the LIFE study across all eight participating institutions. Each institution obtained human subjects committee approval and all participants provided informed consent in accordance with the Declaration of Helsinki that was confirmed by the coordinating center. The study protocol is available on request at www.thelifestudy.org/public/index.cfm. The trial is registered with ClinicalTrials.gov with the identifier NCT01072500.
Accelerometry
The hip-worn, Actigraph tri-axial accelerometer (Model GT3X; ActiGraph TM ) was used to objectively measure time spent in PA and sedentary levels. Participants were instructed to wear the accelerometer for a minimum of 7 consecutive days immediately following their baseline clinic visit. Additionally, participants were instructed to wear the device when they were awake and to remove the device during sleep and water-based activities such as showering. Movements were recorded as activity counts (unitless quantities of movement) collected in 1-s epochs and then later binned into counts per minute. Non-wear time was defined as a 90-min window of zero counts in the vertical axis, allowing for up to 2-min of non-zero counts <100 counts/min and removed for the analysis (Choi et al., 2011) . A valid accelerometer collection period per participant was defined as wearing the accelerometer for ≥10 h/day (valid day) for ≥3 days. Out of 1,635 men and women recruited for the LIFE study, 1,341 participants had valid accelerometer data.
Each minute in the accelerometer data was labeled as either a sedentary (<100 counts/min) or an activity (≥100 counts/min) minute. Bouts were defined as consecutive minutes registering in a specific activity level (i.e., sedentary or active). Three bout lengths were used for activity (≥1, ≥2, and ≥5 min bout lengths) and for sedentary (≥1, ≥30, and ≥60 min bout lengths) time. Since more time registered as sedentary than active, longer sedentary bout lengths were used as previously reported (Wanigatunga et al., 2017a,b) . The percentage of time spent in each bout length was calculated as follows: (average minutes/day spent within a bout length)/(average minutes/day of wear time) × 100. In statistical models, percent time was treated continuously and categorically where the percentage of time spent at each bout length was tertiled to compare low, medium, and high amounts of activity or sedentary time.
Cognitive Performance
The cognitive test battery consisted of a test of psychomotor speed, attention, and working memory [Wechsler Adult Intelligence Scale-III Digit Symbol Coding (DSC) (Wechsler, 1997) ] and 12-item word list learning and recall tasks [Hopkins Verbal Learning Test (HVLT)-Revised (Brandt and Benedict, 2001) ]. For added sensitivity in assessing speed of processing and executive function, a computerized n-back (1-back and 2-back), a task switching paradigm (reaction times with switching and noswitching), and the Erickson flanker task (reaction times under congruent and incongruent conditions) were also administered (Sink et al., 2014) . These measures were chosen as each tap into an aspect of executive function that has previously been shown to improve in older adults following a PA intervention designed to enhance aerobic fitness and functional capacity (Kramer et al., 2001; Colcombe and Kramer, 2003) . A practice session was held for the task-based assessments to allow the participant to get comfortable and understand the directions. For the n-back task, participants were required to use working memory to identify items presented nth places (i.e., 1 or 2) back with percent correct identifications on each utilized in the analyses. For example, the "1-back" test consisted of a one-block trial of 46 letters, 45 of which the participant responded to (no response for the first letter that appears) while the "2-back" test consists of a one-block trial of 47 letters/trials, 45 of which the participant responded to (no response for the first two letters). The flanker task measured selective attention and the ability to inhibit distracting information. Each participant was shown a central arrow and was instructed to indicate which direction it was pointing. During the flanker task, the central arrows are flanked by either congruent (arrows pointing in the same direction) or incongruent items (arrows pointing in the opposite direction). Flanker test consists of one-block with 80 sets of arrows (e.g., 80 trials), with equal numbers of congruent and incongruent items. Reaction times for correct responses were measured for both congruent and incongruent conditions and included as outcomes of interest for analyses. The task switching assessment measured attentional flexibility by having participants alternate between performing two different tasks using the same stimuli (letter/digit pairs). Participants were asked to make a judgment about either the letter or the digit, and consecutive trials required the same (nonswitch trials) or the other judgment task (switch trials); there were equal numbers of nonswitch and switch trials. Similar to the flanker task, reaction times were calculated for correct responses on switch and nonswitch trials and included as outcomes of interest. The task switching measure consisted of 120 trials within one block. Lastly, a standardized global composite score was created as previously described (Sink et al., 2015) . Briefly, z-scores were calculated for each cognitive test score by dividing the difference between individual and mean score by the standard deviation. A pooled score was formed by averaging the standardized scores of all nine cognitive-test outcomes [across the DSC, HVLT immediate, and delayed; 1-and 2-back; task switching (switch and no-switch conditions); and flanker (congruent and non-congruent conditions) tests]. The pooled score was re-standardized and used for statistical modeling.
Covariates
Participants self-reported age, sex, race/ethnicity, education, income, and marital status. Body mass index (kg/m 2 ) was calculated using height (m) on a stadiometer and weight (kg) on a balance-beam scale. Other covariates include self-described smoking status, sleep quality using the Pittsburgh Sleep Quality Index (Buysse et al., 1991) where lower scores indicate better sleep quality, and overall stress levels using the Perceived Stress Scale (Cohen et al., 1983) where higher scores indicate higher perceived stress; factors known to be associated with both daily activity (Kredlow et al., 2015; Awick et al., 2017; Swan et al., 2018) and cognitive performance (Ott et al., 2004; Aggarwal et al., 2014; Yaffe et al., 2014) . Further, a comorbidity index variable was created by summing self-reported history of myocardial infarction, congestive heart failure, stroke, hypertension, cancer, diabetes, arthritis, and lung disease.
Statistical Approach
Differences in participant characteristics, cognitive scores, and accelerometer wear metrics were tested by either t-tests (continuous variables) or chi-squared tests (categorical variables) across tertiles of percent PA time. Means and SDs for daily time (minutes/day) and percent (%) spent in ≥1 (total), ≥2, and ≥5 active minute bouts as well as ≥1 (total), ≥30, and ≥60 sedentary minute bouts were described. Multiple linear regression models were constructed to estimate the association between each accelerometer bout length (treated as a categorical variable of tertiles of daily percentage) and each cognitive variable. Additionally, percent variables were treated as continuous to test for linear trends. Covariates included were age, sex, race/ethnicity, education, income, marital status, BMI, smoking status, sleep quality, perceived stress, and living with two or more morbid conditions.
RESULTS
Among 1,341 participants who had valid accelerometer data, 39 (3%) did not have any cognitive data and were excluded (final sample n = 1,275). On average, participants were 79 (SD = 5) years old, 67% were women, 76% were non-Hispanic white, and were overweight with a BMI around 30 kg/m 2 ( Table 1) . Across tertiles of higher PA, participants tended to be younger (p < 0.001), men (p < 0.001), and report lower education (p = 0.009), lower income (p = 0.003), and lower comorbidities (p < 0.001). Additionally, there were higher scores for DSC (p < 0.001), higher number of words recalled for HVLT immediate (p = 0.002) and delayed (p = 0.002) tests, and higher global cognitive scores (p = 0.016) Frontiers in Aging Neuroscience | www.frontiersin.orgacross tertiles of higher PA. Although the number of valid wear days was similar between tertiles, average wear time throughout the day was slightly lower across higher PA tertiles (p = 0.016). Average time spent in activity and sedentary bout lengths described as either a daily percentage or absolute time (minutes/day) are found in Table 2 . On average, LIFE participants in the low, medium, and high tertiles spent 14 (120 min/day), 22 (188 min/day), and 32% (263 min/day) of the day in total daily PA, respectively. Further, those in the low, medium, and high tertiles spent 68 (564 min/day), 78 (654 min/day), and 86% (725 min/day) of the day in total daily sedentary time. Percent time spent in either PA or sedentary time tended to be lower for longer bout lengths.
In fully adjusted models, participants who spent a medium percentage of their time in activity (Table 3, row B) and high percentage of their time in activity (Table 3, row C) in ≥1 activity minute bouts had approximately 2 units higher DSC score when compared to those who spent a low percentage of their activity in ≥1 activity minute bout lengths, respectively (Table 3, row A; p < 0.012 for both tertiles). This association with DSC remained relatively stable across ≥2 ( Table 3 , rows E-G) and ≥5 ( Table 3 , rows I-K) activity minute bout lengths (p < 0.031 for both tertiles and bout lengths).
For HLVT-immediate, those who spent a medium percentage of their time in activity had an estimated 1 unit score higher in HLVT-immediate when compared to those who spent a low percentage of their activity for ≥2 (p < 0.005; Table 3 , row F) and ≥5 (p < 0.004; Table 3 , row J), but not in ≥1 (p = 0.077; Table 3 , row B) bout lengths.
For HLVT delayed, those who spent a medium percentage of their time in activity (Table 3, row J) and high percentage of their time in activity (Table 3, row K) in ≥5 activity minute bouts reported an estimated 1 unit score higher in HLVT delayed when compared to those with a low percentage, respectively ( Table 3 , row I; p < 0.048 for both tertiles).
Those who spent a medium percentage of their time in activity and high percentage of their time in activity had approximately 0.1 higher standardized global cognitive scores when compared to those with a low percentage of activity, respectively, for both ≥2 (p < 0.034 for both tertiles; Table 3 , rows F and G) and ≥5 (p < 0.015 for both tertiles; Table 3 , rows J and K) activity minute bout lengths. 
DISCUSSION
This study demonstrated that higher time spent in PA is associated with higher cognitive performance related to psychomotor speed, attention, and working memory among mobility-limited older adults. Further, greater time spent in longer bout lengths of PA was positively correlated with cognitive domains of working memory and learning as well as overall cognitive performance; a relationship not observed with overall total PA. Interestingly, total sedentary time, but not prolonged sedentary bouts, was found to be negatively associated with cognitive performance related to executive function; a relationship driven by participants with the highest sedentary time. Our findings suggest that, beyond a total summary measure, the manner in which daily PA and sedentary behaviors are Ref.
Ref.
Ref.
B. Medium Ref.
B. Medium −0.011 Frontiers in Aging Neuroscience | www.frontiersin.orgaccrued may be an important indicator of certain cognitive domains in sedentary older adults.
Evidence that a positive relationship between daily PA and cognition is emerging, particularly for higher intensity activity (Zhu et al., 2017) . Two studies support our findings that show positive associations between daily PA and global cognition (Menai et al., 2017; Iso-Markku et al., 2018) . In 2017, Menai and colleagues showed that PA collected in short bouts lasting less than 5 min, but not longer bouts, was associated with higher global cognitive function in older adults aged 60-83 years old. We found a similar association between short activity bouts and global cognition, but also found longer activity bouts to be positively associated with global cognition. While there is a large body of evidence that shows acute bouts of exercise (planned PA for health and recreation) have benefits on cognition (Hillman et al., 2008; Barella et al., 2010; Johnson et al., 2016) , our results suggest that spending time in PA above sedentary levels, which largely includes purposeful and goal-directed activities (e.g., performing daily chores, walking to get the mail), is associated with higher cognitive performance for mobility-limited older adults (Manini et al., 2006; Middleton et al., 2011) . While our findings did not determine PA intensity levels, LIFE participants have been observed to spend most of their activity at very low intensity levels (Wanigatunga et al., 2017b) ; an intensity level that most older adults reach during activity, primarily due to age-related energy deficits that affect the maintenance of leading an independent lifestyle (Schrack et al., 2010) . Further, older adults who spent more time in PA bouts lasting 5 min or longer had higher psychomotor speed, attention, working memory, learning and recall, and global cognition -a finding unique to the literature. Possible biological mechanisms mediating the link between longer PA durations and higher cognition performance include cardiorespiratory maintenance (Kramer and Colcombe, 2018) , normal glycemic control (Wheeler et al., 2017) , production of brain-derived neurotrophic factor (Håkansson et al., 2017) , and reductions in pro-inflammatory cytokines (Ryan and Kelly, 2016) . Together, these results suggest that spending any time in daily lifestyle activity above sedentary behavior that is accrued in a continuous manner may be indicative of higher cognitive performance but the directionality of this relationship requires further evaluation with longitudinal research.
Existing research suggests that self-reported engagement in sedentary behaviors is associated with poorer cognitive performance (Falck et al., 2017) . In 2015, Steinberg and colleagues reported that, in a sample of healthy older adults, sedentary pastimes (e.g., computer use) were negatively associated with cognitive performance, primarily in terms of executive function (Steinberg et al., 2015) . Additionally, Kesse-Guyot et al. (2012) showed that higher television watching was associated with poorer executive functioning in healthy older adults. However, these studies used self-reported sedentary behaviors; a tool heavily subjected to social desirability and recall biases that are highly susceptible to inaccuracies in people with cognitive deficits (Eshkoor et al., 2015) . Our findings with objectively measured sedentary time suggest a relatively minor association with cognitive function -e.g., only one significant association with DSC was found. A possible explanation for the differential findings is that accelerometer data capture all sedentary activities as opposed to a single behavior such as television viewing noted in previous studies. More recent studies that utilize accelerometer data to extract sedentary behaviors support our findings. A recent cross-sectional study in 114 older adults who reside in assisted living showed no association between total sedentary time and global cognition (Leung et al., 2017) . Further, another observational study conducted in 2017 in middle-to-older aged US Hispanic/Latinos showed that accelerometer-based sedentary time was nearly associated with DSC but not statistically significance after full covariate adjustment (Vásquez et al., 2017) . However, it is important to note study differences by inclusion criteria driven by differences in study purpose and design along with the use of different types of accelerometers may explain why we found a significant relationship between total sedentary time and DSC. More studies are needed to replicate our findings, measure time spent in each type of sedentary behavior, and explore each behavior's effect on cognitive health.
Intervention results for the LIFE study demonstrated that a 24-month moderate intensity PA program, when compared to a health education program, did not result in improvements in global or domain-specific cognitive function, nor did it alter the incidence of mild cognitive impairment or dementia (Sink et al., 2015) . Additionally, the LIFE study had little impact on patterns of sedentary times (Wanigatunga et al., 2017a) . Therefore, it is important to convey the potential reasons why the interventionbased findings seemingly contradict the results presented here. First, results from the current study reflect pre-intervention activity and sedentary patterns, which are a product of long-term, or even lifelong activity levels. As shown in previous reports, current activity status is a consistent predictor of past exercise behavior and exercise habits (for a review see Dishman et al., 1985) . Second, the PA intervention was compared to a health education group who received social stimulation which may have combated cognitive decline over time. In fact, there was little evidence for cognitive decline in either intervention. Third, the intervention focused on increasing moderate-intensity PA, while the current analysis is focused on accumulation of activity at all intensities and sedentary behaviors. As we showed previously, most activity (>85%) is accumulated at light intensities and our results suggest that this category may be a target for future intervention efforts (Wanigatunga et al., 2017b) .
Strengths of the present study include a clinically relevant and large sample of older adults at risk for mobility disability and cognitive decline. Additional strengths include a battery of cognitive assessments, objective movement-based activity data through hip-worn accelerometry, and a multitude of demographics, behavioral, anthropometric, and medical history data. However, a limitation to the current study was the inability to determine a longitudinal relationship between activity/sedentary patterns and cognitive outcomes using a crosssectional design. Additional research is needed to attempt to elucidate a causal relationship and potential mechanisms that explain how activity/sedentary lifestyle patterns contribute to cognitive impairment and possibly dementia with aging. Another limitation is the generalizability of the results to an older adult population is restricted because the LIFE study excluded those who were either physically well-functioning or severely cognitively impaired. Older adults with low cognition were screened out of the LIFE study to ensure adherence to the study sessions and compliance with the study protocols. Further, LIFE participants were already sedentary and excluded if they reported >20 min per week in moderate-to-vigorous PA. As such, stronger associations between activity and sedentary patterns with cognition may be observed in a population-based sample rather than a sample of older adults with high of disability.
Overall, this research found that higher amounts of PA was positively associated with psychomotor speed, attention, and working memory performance. Individuals who accumulated PA in longer bouts showed better performance on measures of verbal learning and memory. Thus, the impact of PA on memory function is potentially influenced by way its accumulated. Alternatively, it could also be interpreted that those with more preserved cognitive function have the capability to be active for longer continuous periods of time as in accomplishing a taskoriented goal. Another finding from this study was that time spent being sedentary was largely not associated with multiple measures of cognitive function. Future research is needed to better characterize longitudinal changes in the accumulation of daily activity and sedentary behaviors as potential biophysical markers or intervention targets of cognitive status in older adults.
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